Several methods are available using an endoprosthesis or biological reconstruction for malignant bone tumors. Methods that use allograft-prosthesis composites have shown promising results. In 1999, the authors developed a method of reconstruction that uses a tumor-bearing autograft treated with liquid nitrogen. This technique was modified to produce a pedicle frozen autograft to maintain anatomical continuity on one side. In this study, the results of bone reconstructions using frozen autograftprosthesis composites were retrospectively evaluated. The demographic data, histological records, surgical procedures, functional scores, and complications of 22 patients who had bone sarcoma or metastasis and at least 2 years of follow-up were reviewed. There were 19 patients with primary bone sarcoma and 3 with bone metastasis. Average age was 36 years (range, 9-73 years), and mean follow-up was 63 months (range, 24-176 months). Reconstructions were performed on 10 proximal femurs, 5 distal femurs, 4 proximal tibias, 1 proximal humerus, 1 proximal radius, and 1 hemipelvis. There were 12 pedicle-freezing and 10 free-freezing procedures. Union rate was 90% (9/10), and average union time was 9.5 months. Average Musculoskeletal Tumor Society score was 89.3%. Complications included 1 fracture, 2 infections, 3 soft tissue recurrences, and 1 posterior interosseous nerve palsy. The authors concluded that the frozen autograft-prosthesis composite demonstrated excellent Musculoskeletal Tumor Society scores, a low complication rate, and a good union rate and was superior when used with the pedicle-freezing technique. [Orthopedics. 2015; 38(10):e911-e918.] The authors are from the
O f the several chemotherapeutic, radiotherapeutic, and surgical procedures used to treat bone tumors, limb-sparing surgery has been the most popular because this technique does not decrease survival rates and provides better functional outcomes. 1 Many surgical techniques are used in tumor reconstruction. The authors have primarily performed 3 types: (1) endoprosthesis reconstruction; (2) biological reconstruction (autograft, allograft, recycling bone graft, distraction osteogenesis); and (3) a combination (allograft-prosthesis composite, autograft-prosthesis composite). Endoprosthesis reconstruction has the advantage of enabling early mobilization and immediate weight bearing but has some problems, including loosening, infection, and high cost. The survival rate of the prosthesis depends on the type of prosthesis and tumor location. 2 Biological reconstruction is long lasting if the graft regenerates with new bone formation and revascularization. Vascularized autografts are a good choice for large defects in pediatric patients; however, this reconstruction is technically demanding, and there is some morbidity to donors. 3 Moreover, osteoarticular allografts may be affected by osteoarthritic changes, infection, fracture, and nonunion, all of which can lead to further surgery. 4 Allografts are not available in some areas and have a high complication rate. There are many techniques used for recycling autografts, such as extracorporeal radiation, 5, 6 pasteurization, 7, 8 autoclaving, 9,10 and freezing. 11 The advantages of recycling autografts are good availability, no requirement of bone bank, biological reconstruction, no disease transmission, less immunological response, soft tissue and ligament attachment, and availability of a massive bone stock. 11 Prosthesis composites were developed to prevent further surgery caused by subchondral bone collapse and osteoarthritis and to improve the functional outcome. 12 Nonunion, fracture, infection, and loosening are the main complications.
The authors have developed and performed a freezing technique using liquid nitrogen for tumor reconstructions ( Figure 1A) . 11 They also modified the technique to produce pedicle freezing to maintain anatomical continuity on one side (Figure 1B) , 13 and the long-term outcome has been satisfactory. 14 The purpose of this study was to determine the clinical and functional outcomes of the autograft-prosthesis composite technique in tumor surgery reconstruction using freezing techniques.
Materials and Methods
After the approval of the institutional review board, the authors retrospectively reviewed sarcoma and cancer patients who underwent tumor excision and reconstruction involving frozen autograft-prosthesis composites between 2003 and 2011 at Kanazawa University Hospital. This technique was indicated for patients with an osteoblastic or mixed osteoblastic-osteolytic lesion near the joint. The follow-up period was at least 24 months. Data on patient age and sex, Enneking staging, pathological diagnosis, tumor location, and follow-up period were collected.
Patients with high-grade sarcoma received chemotherapy preoperatively. After the neoadjuvant chemotherapy, the authors performed wide excision or intentional marginal excision followed by proper reconstruction. Two procedures involving freezing techniques-free freezing ( Figure  1A ) and pedicle freezing ( Figure 1B )-were used depending on the location of the tumor. 11, 13, 14 Briefly, the tumor-bearing bone was frozen in liquid nitrogen for 20 minutes, thawed at room temperature for 15 minutes, and distilled in water for 10 minutes. Furthermore, the details of pedicle freezing were as follows. After the osteotomy or joint dislocation of the proximal side of the tumor, the surrounding soft tissue was carefully protected using surgical sheets. The bony lesions were rotated and put in the container filled with liquid nitrogen for 20 minutes. The authors prefer to use a cemented, long-stemmed prosthesis for reconstruction and double-plating fixation, if necessary.
Additional chemotherapy was administered during the postoperative period. Passive range of motion (ROM) therapy was initiated after the early postoperative period, and active ROM therapy was initiated 6 weeks postoperatively if the muscle or tendon had to be reattached. The authors encouraged full weightbearing mobilization after evidence of union. Graft union was confirmed by evidence of callus formation in both anteroposterior (AP) and lateral views on radiography or computed tomography. When it was difficult to evaluate bone union due to the shadow of the implant, the authors confirmed using only one view (AP or lateral) or CT scan. Union time and length of the frozen bone were recorded. The authors categorized an autograft as having died if the grafts were removed due to infection, fracture, or lo- Tumor reconstructions were performed on 10 (45%) proximal femurs, 5 (23%) distal femurs, 4 (18%) proximal tibias, 1 (5%) proximal humerus, 1 (5%) proximal radius, and 1 (5%) pelvis. Among the 16 patients with osteosarcoma, 12 (75%) were Enneking stage IIB and 4 (25%) were Enneking stage III. Three patients had lung metastases at the time of their diagnoses, and one patient had sacral metastasis.
The recycling methods, frozen bone lengths, union time, MSTS functional scores, and complications are shown in Table 1 . Eleven (50%) patients underwent reconstruction using the pediclefreezing technique in the proximal femur (n=9), proximal humerus (n=1), or proximal tibia (n=1) (Figure 2 ). Eleven (50%) patients underwent reconstruction using the free-freezing technique in the distal femur (n=5), proximal tibia (n=3), pelvis (n=1), proximal femur (n=1), and proximal radius (n=1). Union times in the pedicle-freezing group were not recorded because there were no osteotomy sites in this series. Average graft union time was 9.5 months. Moreover, average frozen bone length was 16 cm (range, 5-33 cm). All of the frozen grafts were united. One patient moved to another hospital; therefore, the authors could not record the union time.
Average MSTS score was 89.3% (free-freezing group=90%; pediclefreezing group=89%). The authors used the pedicle-freezing technique for 9 of 10 patients in whom the tumor was located around the proximal femur (average MSTS, 87%). They used the free-freezing technique for most of the patients in whom the tumor was located around the distal femur (average MSTS, 99%). Complications were observed in 7 (32%) patients; 3 (14%) had soft tissue tumor recurrence: 1 was treated with hip disarticulation, and the other 2 were re-excised. Two (9%) patients developed graft infections. One patient was treated by removing the graft and by revision to an iodine-coated endoprosthesis. Two (9%) patients developed graft fractures, and 1 (5%) patient developed posterior interosseous nerve palsy. Two grafts were categorized as having died because of hip disarticulation from soft tissue recurrence and revision to tumor prosthesis because of a late graft infection. The survival rate for the frozen autografts was 94% over 5 and 10 years (Figure 3 ).
discussion
Liquid nitrogen was introduced for use in cancer treatment in 1966. 15 Marcove and Miller 16 used liquid nitrogen for palliative treatment in a bone metastasis patient in 1969; good pain control was achieved, but there was a high rate of complications (significant injury to the adjacent bone and soft tissue, fracture, skin necrosis, and nerve injury). The temperature of the liquid nitrogen was -197°C; such a low temperature induced the formation of intracellular ice crystals, disrupted the membrane, and led to cytotoxicity, thereby resulting in cell death. Tsuchiya et al 11 described a reconstruction method using a tumor-bearing autograft treated with liquid nitrogen that involved 3 types (IA/IB, II, and III). The technique comprised free-freezing and pedicle-freezing techniques that were used depending on the tumor location. Limb functional results were excellent in 71.4% of the patients, and a high bony union rate (92.8%) was achieved. However, the complications were infection (10.7%), fracture (7.1%), and local recurrence (7.1%). The advantages of this technique were simplicity, availability, perfect fit, easy soft tissue reattachment, biological reconstruction, no immunological reaction, and no disease transmission. The disadvantages were fracture and osteoarthritis change.
Frozen autografts also have osteoinduction and osteoconduction properties. Osteocytes and osteoblasts have been observed in frozen bone removed from patients, and the bone trabeculae were connected at the host-graft junction. 17 Neovascularization and preservation of bone morphogenetic protein were also found. 18 In 2010, Tsuchiya et al 13 reported excellent results for pedicle frozen autograft reconstruction. Postoperative functionality was excellent in approximately 75.5% of patients, and average union time was 7.3 months. These techniques decreased the osteotomy site, minimized the sacrifice of the ligaments, and preserved the joints. However, this technique required a longer incision and more muscle dissection and was technically demanding. In the current study, a 100% union rate and an average union time of 9.2 months (all in the free-freezing group) were achieved. The pedicle-freezing technique decreased the osteotomy site and provided early rehabilitation without waiting for bone union. Compared with other recycling autograft procedures, those in the current study had better or comparable union times and union rates ( Table 2) . 5, 6, [8] [9] [10] 13, 14, [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] It has been reported that the disadvantages of osteoarticular grafts are late osteoarthritis change and subchondral bone collapse, problems leading to tumor prosthesis revision or arthrodesis. The allograft-prosthesis composite was developed to prevent this problem, 4 and
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Copyright © SLACK inCorporAted n Feature Article thesis survival rates, and complication rates for the current authors' procedures vs those of other procedures used for tumor reconstruction (allograft-prosthesis composite, extracorporeal autograftprosthesis composite, pasteurization autograft-prosthesis composite) is shown in Table 3 . [5] [6] [7] [8] 12, [19] [20] [21] [22] [23] [24] [25] 27, [29] [30] [31] [32] [33] [34] [35] [36] [37] In the current study, there was 1 case of proximal humeral frozen autograftprosthesis composite. A cemented, longstemmed prosthesis augmented with the pedicle-freezing technique was used. Although this patient experienced a fracture of the graft-host bone border while playing basketball 9 months postoperatively, the fracture healed after conservative treatment. Chen et al 24 reported 2 cases of extracorporeal irradiated autograftprosthesis composites in the proximal humerus and recommended that good intramedullary stem fixation and cement augmentation be performed to reduce the fracture rate. There were no fractures or nonunion complications, and the Enneking functional scores for the 2 cases were 80 and 90. Davidson et al 5 reported a larger series of extracorporeal irradiated autograft-prosthesis composites. Eight patients had an average MSTS score of 66.3% in the proximal femur. The main complication was osteolysis of the graft, and the proximal humerus showed less revascularization. Average MSTS score was 86.3% for the proximal femur reconstruction (10 patients) in the current study. Results were comparable with or better than those of other prosthesis composite methods, including proximal femur tumor prosthesis methods.
Shimozaki et al 38 reported better union times and lower postoperative complications for the pedicle-freezing technique, which they thought was caused by an early blood flow recovery. Benedetti et al 29 compared the functionality of allograft-prosthesis composites with that of tumor prosthesis reconstruction and found a better hip abductor and hip flexor motor power in the allograft prosthesis-composite group; in gait analysis, they found a better walking speed in the allograft-prosthesis composite group. This result was thought to be caused by a direct reinsertion of the muscle to the bone graft, leading to a better muscle recovery. Eid et al 19 reported 18 proximal femur malignancy patients who underwent proximal femur pasteurization autograft-prosthesis composite reconstruction. Average MSTS score was 80%. They claimed their results were better than those for tumor prosthesis and comparable with those for allograft-prosthesis composite. Moreover, the recurrence rate was 16%, infection rate was 11%, total hip replacement conversion rate was 11%, and nonunion rate was 5%. In the current study, there were 2 local recurrences in the proximal femur; no nonunions and no infections were detected in these cases. The recurrences originated from the soft tissue, as in other studies. There was no evidence of tumor in the frozen autograft after removal.
Jeon et al 21 reported 15 cases of pasteurized autograft-prosthesis composites of the distal femur. Average MSTS score was 86%. Mean union time was 16 months, and the nonunion rate was 33%. They suggested that the use of long stems and cement fixation were the causes of the high nonunion rate and aseptic loosening. The current study showed a better functional outcome (98.7%) and a better average union time (8.3 months) in the distal femur than those reported by Jeon et al. 20 There was 1 infection and 1 soft tissue recurrence. Jeon et al 20 reported 13 cases of pasteurized autograftprosthesis composites of the proximal tibia. Average MSTS was 79%, and average union time was 16 months. They expected a lower infection rate than that for tumor prosthesis or allograftprosthesis composites because less metallic components were used in addition to less immunological reaction. Although the union rate was higher than that in other locations in the study, the current study's union rate was comparable with or better than that of other biological reconstruction methods (11.6 months); the most common complication of proximal tibial reconstruction was infection. In the current study, 1 infection was observed in the proximal tibia, which healed after irrigation and removal of the screw and washer that were used to fix the patellar tendon; removal of the frozen autografts was not required. The incidence was comparable with allograft-prosthesis composite reconstruction. 30 In the current study, the total graft survival rate was 94.1% at 5 and 10 years. The authors speculate that the reasons for high graft survival were an early blood flow recovery, neovascularization, and the osteoinductive and osteoconductive properties of the freezing technique. Tanzawa et al 17 studied the histology of 6 frozen grafts that were removed from patients. They found that the tumors were completely eradicated, and active osteocytes, active osteoblasts, and continuity of the bone trabeculae at the host-graft junction were observed. There was evidence of osteogenesis. The current study's graft survival rate was also comparable with or better than that for allograft-prosthesis composite and tumor prosthesis, especially over the long term. This finding reflected an advantage of biological reconstruction.
This study has some limitations. The number of patients was small, and the follow-up periods were short. This study included a heterogeneous study sample, and the research methodology was clinical review.
conclusion
There are many bone-recycling techniques for musculoskeletal reconstruction. Freezing techniques have shown promising results, especially for prosthesis composite reconstruction. The pedicle-freezing technique has provided better results for selected patients, particularly for the proximal femur area. The authors found that frozen autograftprosthesis composite reconstruction achieved an excellent clinical outcome, as evidenced by high functional scores, a high union rate, graft longevity, and a low complication rate.
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